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Abstract
When soil moisture is heterogeneous, sap ﬂow from,
and ABA status of, different parts of the root system
impact on leaf xylem ABA concentration ([X-ABA]leaf).
The robustness of a model for predicting [X-ABA]leaf
was assessed. ‘Two root-one shoot’ grafted sunﬂower
(Helianthus annuus L.) plants received either deﬁcit
irrigation (DI, each root system received the same
irrigation volumes) or partial rootzone drying (PRD,
only one root system was watered and the other dried
the soil). Irrespective of whether relative sap ﬂow was
assessed using sap ﬂow sensors in vivo or by
pressurization of de-topped roots, each root system
contributed similarly to total sap ﬂow during DI, while
sap ﬂow from roots in drying soil declined linearly with
soil water potential (Wsoil) during PRD. Although Wsoil
of the irrigated pot determined the threshold Wsoil at
which sap ﬂow from roots in drying soil decreased, the
slope of this decrease was independent of the wet pot
Wsoil. Irrespective of whether sap was collected from
the wet or dry root system of PRD plants, or a DI plant,
root xylem ABA concentration increased as Wsoil
declined. The model, which weighted ABA contribu-
tions of each root system according to the sap ﬂow
from each, almost perfectly explained [X-ABA] immedi-
ately above the graft union. That the model over-
estimated measured [X-ABA]leaf may result from
changes in [X-ABA] along the transport pathway or an
artefact of collecting xylem sap from detached leaves.
The implications of declining sap ﬂow through partially
dry roots during PRD for the control of stomatal
behaviour and irrigation scheduling are discussed.
Key words: ABA, deﬁcit irrigation, grafting, irrigation
scheduling, modelling, partial rootzone drying, sap ﬂow, soil
moisture heterogeneity.
Introduction
Soil moisture is commonly heterogeneously distributed
within the soil proﬁle, with greater root proliferation in the
upper surface layers causing localized soil drying while
decreased root length density at depth results in compar-
atively moist subsurface layers (Sharp and Davies, 1985).
Although soil moisture sensors distributed throughout the
soil proﬁle can monitor water uptake from (and thus
estimate sap ﬂow through) roots of different layers (Gu
et al., 2004; Leib et al., 2006), the vertical distribution of
water uptake will depend on both soil moisture status and
root length density. Determining the inﬂuence of soil
drying per se on water uptake, independent of the
inﬂuence of root length density, can conveniently be
assessed using a split-root plant (Blackman and Davies,
1985), and also provides a good model system to assess
the efﬁcacy of different deﬁcit irrigation techniques.
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drying on the distribution of water uptake is necessary to
model ﬂows of root-to-shoot signals such as abscisic acid
(Dodd, 2008; Dodd et al., 2008; Liu et al., 2008), that are
produced in response to soil drying and can be transported
in the transpiration stream to the shoots to limit plant
water use (Davies and Zhang, 1991; Dodd, 2005). Such
modelling has been stimulated by the adoption of
a particular form of deﬁcit irrigation known as partial
rootzone drying (PRD). This technique deliberately
imposes soil moisture heterogeneity by independently
watering different parts of the rootzone (for example, one
side of the row) with the aim of manipulating root-to-
shoot signalling to restrict crop water use (Dry et al.,
1996). Theoretically, irrigated roots supply sufﬁcient
water to the shoots to prevent water deﬁcits (Stoll et al.,
2000; Sobeih et al., 2004) while roots in drying soil
produce chemical signals that can be transmitted to the
shoots, if there is sufﬁcient sap ﬂow through those roots
(Dodd et al., 2008). Understanding the relationship
between signal transmission and soil water status of
different parts of the rootzone might provide a basis to
understand the regulation of shoot physiology during
deﬁcit irrigation, and to schedule irrigation during PRD.
With this goal in mind, a novel grafting procedure was
developed (Dodd, 2007) to determine the contributions of
different parts of the root system to total sap ﬂow and leaf
xylem ABA concentration ([X-ABA]leaf) of PRD-grown
plants. Combining the fractions of sap ﬂow and xylem
ABA concentrations from wet and dry parts of the root
system in a simple model, better predicted [X-ABA]leaf
than the mean (of wet and dry parts of the root system)
root xylem ABA concentration ([X-ABA]root). When soil
water status of the wet part of the root system remained
high, there was an optimal soil water status of the dry part
of the root system to maximize ABA export from the
entire root system (Dodd et al., 2008). However, in many
ﬁeld experiments with PRD, partial drying of the irrigated
roots occurs (Kirda et al., 2004) if irrigation is infrequent.
It is therefore important to determine whether the model
can still robustly predict [X-ABA]leaf when soil water
status of the irrigated root system varies. Possible
inﬂuences of two different methods of determining the
fractions of sap ﬂow from each root system, sap ﬂow
sensors in vivo (Dodd et al., 2008) and root pressurization
(Salim and Pitman, 1984), on the prediction of [X-
ABA]leaf were also assessed.
Materials and methods
Sap ﬂow in vivo and xylem ABA concentration in sap collected
from de-topped roots and detached leaves
‘Two root-one shoot’ sunﬂower (Helianthus annuus L. cv. Tall
Single Yellow) plants were created using the grafting procedure
previously described (Dodd, 2007; Dodd et al., 2008). Grafted
plants resembled an inverted ‘Y’ with the root systems contained in
two appressed 0.43 l pots, each designed to ﬁt in a Scholander-type
pressure chamber. Plant culture was as previously described (Dodd
et al., 2008) except that the plants were grown in a different
substrate (John Innes No. 2, J Arthur Bowers, UK). Gravimetric (h)
and volumetric water content of this substrate at ﬁeld capacity were
0.63 g g
 1 and 0.43 cm
3 cm
 3, respectively, and the bulk density
when dry was 0.78 g cm
 3. A moisture release curve for this
substrate (Dodd et al., 2006) allowed measurements of h to be
converted to soil water potentials (Wsoil) according to the following
relationships. For h <0.33 g g
 1: Wsoil ¼ –1.105 + 3.065h. For h
between 0.33 g g
 1 and 0.45 g g
 1: Wsoil ¼ –0.419 + 1.67h–
1.70h
2. For h >0.45 g g
 1, Wsoil was set to –0.01 MPa (which was
the lowest pressure that could be measured with the available
pressure plates).
Sap ﬂow through each hypocotyl (below the graft union) of the
‘two root-one shoot’ plants was measured using the heat balance
technique with commercially available sensors (Model SGA-5,
Dynagage
 , Dynamax Inc, Houston, TX, USA) as previously
described (Dodd et al., 2008). Soil water content of each pot, root
water potentials, and (root) xylem ABA concentration, whole plant
transpiration rate, leaf water potential, and (leaf) xylem ABA
concentration were measured as previously described by Dodd
et al. (2008). An overpressure of 0.4 MPa or 0.5 MPa was applied
to the leaves or root systems respectively (following measurement
of leaf and root water potential, respectively) to collect xylem sap.
Several batches of plants (comprising 10–12 plants per batch)
were sequentially produced in the same environmental conditions.
Two different irrigation regimes were imposed: deﬁcit irrigation
(where equal volumes of water were applied to each pot) and partial
rootzone drying where only one pot received water and the other
was allowed to dry the soil. Each individual plant received different
irrigation volumes in aiming to achieve a range of whole pot soil
water contents, estimated during each experiment from measure-
ments of pot weight, and veriﬁed later by gravimetric measurement
of soil water content. Within the PRD irrigation treatment, the
designated ‘wet’ pot was watered at different frequencies (minimum
of twice a day) in different plants, in trying to vary soil water
content of the wet pot at harvest.
Pressure-induced sap ﬂow and xylem ABA concentration in
sap collected above and below the graft union
Since these experiments aimed to measure sap ﬂow (and ABA
concentration) above and below the graft union of ‘two root-one
shoot’ plants, and the two pots of plants raised as above would not
simultaneously ﬁt in the available whole plant pressure chamber,
slight cultural modiﬁcations (from that described above) were
required. Sunﬂower seeds were placed on two layers of ﬁlter paper
(Whatman No. 1) moistened with distilled water in a covered Petri
dish and allowed to germinate in the dark for 48 h. Two identical
plastic bags were placed in a 1.0 l pot (height of 130 mm, diameter
of 110 mm, designed to ﬁt in the pressure chamber), and equally
ﬁlled with the same substrate as above. Before planting, soil water
content of each bag was raised to ﬁeld capacity to aid seedling
establishment. A plastic disc of the same diameter as the pot was
placed over the surface of the substrate. This disc had two holes (21
mm diameter) in it, spaced at the same dimensions as the split-top
lid designed to ﬁt on the pressure chamber (Seel and Jeschke,
1999). One germinated seedling (typical radical length of 20 mm)
was placed through the middle of each hole into depressions in the
substrate, covered with substrate and watered in. Ten pots were
placed into a plastic container (50333328 cm), the top of the
container covered with aluminium foil (to exclude light and
promote hypocotyl extension), and the container placed in a single
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Environment Centre under environmental conditions previously
described by Kudoyarova et al. (2007). Grafting occurred at the
same stage of development as above. After graft establishment,
plants were watered daily until the beginning of the experiment.
During experiments, half the plants received water to both plastic
bags (DI) while the remainder only received water to one plastic
bag (PRD). Prior to sap collection, the pot was placed in the
pressure chamber, a split-top lid placed on top of the chamber, and
each hypocotyl sealed into the chamber lid using a silicone-based
dental impression compound (Afﬁnis Fast Regular Body Micro-
system, Coltene-Whaledent, Switzerland) which took no more than
5 min to set. To collect sap, the whole shoot was removed 1–3 cm
above the graft union, the stump washed with distilled water and
then blotted with ﬁlter paper three times, to remove any contam-
inating cell debris. Washing and blotting was performed after
sealing the pot into the pressure chamber, thus preventing any
increase in soil water content. Preliminary tests showed that
applying pressures greater than 0.4 MPa generally resulted in leaks
from the pressure seals, and occasionally ejection of the seals. Thus
all plants were pressurized (with nitrogen) to 0.4 MPa. To
determine the fraction of sap ﬂow from each root system, samples
were collected by lightly touching the cut stump with a glass
capillary tube, thus avoiding the contamination that results from the
radial pressure applied by a collecting sleeve. Samples were
collected above the graft union, then the hypocotyls were severed
below the graft union, and sap collected as above. If ﬂow rates from
both hypocotyls were too high to allow accurate transfer of sap to
pre-weighed Eppendorf tubes, sap samples were collected alter-
nately from each hypocotyl. All sap was immediately transferred to
pre-weighed Eppendorf tubes then weighed (to determine sap ﬂow
rate), frozen in liquid nitrogen, then stored at –20  C. Sap ABA
concentration was measured (as above) using a radioimmunoassay
(Quarrie et al., 1988).
Statistical analysis
Within an irrigation treatment (PRD or DI) or combined across
irrigation treatments, linear or polynomial regressions determined
the signiﬁcance of relationships between soil and plant variables
(Tables 1, 2). Two-way ANOVA determined whether irrigation
treatment (Tables 1, 2), root system source (Fig. 5a; wet or dry root
systems of PRD plants and DI plants), or data set (Fig. 5b) altered
relationships between soil and plant variables. A change in the
sensitivity of the y-variable to the x-variable is given by a signiﬁcant
interaction term (x-variable by treatment).
Results
In a typical ‘two root-one shoot’ plant grown in two
separate pots and subjected to partial rootzone drying
(Fig. 1a), sap ﬂow through the two hypocotyls was most
similar at the beginning of the experiment when soil water
content of both pots was similar (data collection began
after both pots had been watered to the drip point). As the
experiment continued, sap ﬂow through the root system
exposed to drying soil decreased such that when the plant
was harvested, heat losses by convection by the sap (Qf)
from the dry and wet root systems were 4.5 mW and 31
mW, respectively. Thus the fractions of sap ﬂow through
dry and wet root systems were 0.13 and 0.87, respectively
(Fig. 1a) and the soil water contents of the dry and wet
pots were 0.28 and 0.53 g g
 1, respectively. By contrast,
in a typical deﬁcit-irrigated plant, sap ﬂow through the
two hypocotyls was similar throughout two day/night
cycles and decreased similarly as the soil dried (Fig. 1b).
When the plant was harvested, the fractions of sap ﬂow
through the two hypocotyls were 0.43 and 0.57 (Fig. 1b)
and the soil water contents of the two pots were 0.17 and
0.18 g g
 1, respectively.
Table 1. Relationships between sap ﬂow and soil moisture status
Regression parameters for relationships between the fraction of total sap ﬂow through (Fdry), and soil water content (hdry) or soil water potential
(Wdry) of the dry part of the root system. Data sets from the sap ﬂow measurements in vivo were discriminated (Fig. 2) using a threshold Wwet of 0.45
gg
 1 (Wsoil of –0.01 MPa), with data set I including plants where hwet was <0.45 g g
 1, and data set II including plants where hwet was >0.45 g g
 1.
Differences in the slopes of the regressions were determined via two-way ANOVA of data set and hdry or Wdry. Different slopes (where the
interaction term was signiﬁcant at P < 0.05) are indicated by different letters.
Regression Data set hwet (g g
 1) Intercept Slope
Fdry on hdry Sap ﬂow in vivo I 0.3660.02 –0.9260.22 5.0660.98 a
Sap ﬂow in vivo II 0.5160.01 –0.3960.13 2.0460.38 b
Pressure-induced sap ﬂow 0.4960.02 –0.7560.27 3.6060.92 ab
Wwet (MPa)
Fdry on Wdry Sap ﬂow in vivo I –0.0960.03 0.9160.13 1.6560.32 a
Sap ﬂow in vivo II –0.0160.00 0.4160.03 0.9360.15 a
Pressure-induced sap ﬂow –0.0160.00 0.5360.07 1.1160.29 a
Table 2. Signiﬁcance of linear and second order regressions
between soil and plant variables
P values are presented for three distinct data sets: all PRD plants or all
DI plants where irrigation treatment by x-variable interaction was
signiﬁcant (P <0.05). Alternatively, a combined data set (including both
PRD and DI plants) was analysed where the irrigation treatment by x-
variable interaction was not signiﬁcant.
Relationship Irrigation Linear 2nd order
Transpiration rate on whole pot
soil water content
Combined 0.33 0.003
Transpiration rate on leaf
water potential
Combined 0.07 0.09
Transpiration rate on [X-ABA]leaf Combined <0.001 0.003
[X-ABA]leaf on leaf water potential PRD 0.038 0.016
DI 0.002 <0.001
[X-ABA]leaf on whole pot soil
water content
Combined 0.001 <0.001
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plants to examine the effect of different irrigation treat-
ments (PRD versus DI) on the relationship between the
fractions of total sap ﬂow through each hypocotyl and soil
water potential (Fig. 2). In DI plants, even though
absolute sap ﬂow (through the entire plant and each
hypocotyl) decreased with Wsoil (data not shown), the
fraction of sap ﬂow through either hypocotyl was similar
and varied between 0.34 and 0.66. In PRD plants, the
fraction of sap ﬂow through the dry part of the root
system (Fdry) signiﬁcantly decreased with soil water
content (hdry– data not shown) or soil water potential of
the dry pot (Wdry). This relationship varied according to
the soil water status of the irrigated pot: when soil water
potential was less than 0.45 g g
 1 (Wwet <  0.01 MPa),
sap ﬂow through the dry part of the root system decreased
at a lower threshold soil water potential (Fig. 2). The
slope of this decrease was constant, despite varying Wwet,
when Fdry was plotted against Wdry (Table 1).
Since different pressures were applied to each root
system (a constant overpressure, which exceeded a vari-
able balancing pressure) to collect xylem sap, the effect of
soil drying on pressure-induced sap ﬂow (of plants grown
in two appressed pots as above) was not examined.
Instead, ‘two root-one shoot’ plants were grown in a single
pot where the roots were contained in two plastic bags,
a constant pressure applied to the root system and sap
collected from the stem above the graft union, then each
Fig. 1. Sap ﬂow in vivo through hypocotyls of two different ‘two root-one shoot’ grafted plants under partial rootzone drying (a) and deﬁcit irrigation
(b). In (a), only the root system designated ‘right’ was watered but in (b), both ‘left’ and ‘right’ root systems were watered. Arrows and the black bars
on the x-axis indicate irrigation events and the night periods, respectively.
Fig. 2. The relationship between soil water potential and the fraction of
total sap ﬂow in vivo from either part of the root system of DI plants
(open circles) or the dry part of the root system of PRD plants when soil
water potential of the wet pot exceeded (closed triangles) or was less
than (closed inverted triangles) –0.01 MPa. Each point represents
a single hypocotyl and regression lines were ﬁtted where P < 0.05.
(closed triangles) Fdry¼0.41 + 0.93Wdry (r
2¼0.86) and (closed inverted
triangles) Fdry¼0.91 + 1.65Wdry (r
2¼0.82).
4086 Dodd et al.hypocotyl below the graft union. In a plant adequately
supplied with water, pressure-induced sap ﬂow through
the two hypocotyls was similar (Fig. 3a). Similarly, in
a deﬁcit-irrigated plant, pressure-induced sap ﬂow through
the two hypocotyls was also similar (Fig. 3c) although
total sap ﬂow was much less. In a typical plant subjected
to partial rootzone drying, pressure-induced sap ﬂow
through the dry part of the root system was 40% less than
sap ﬂow through the wet part of the root system (Fig. 3b).
Similar experiments were repeated with a number of
plants to examine the effect of different irrigation treat-
ments (PRD versus DI) on the relationship between
pressure-induced sap ﬂow through each hypocotyl and
soil water potential (Fig. 4). In DI plants, the fraction of
sap ﬂow through either hypocotyl was similar and varied
between 0.4 and 0.6. In PRD plants, the fraction of sap
ﬂow through the dry part of the root system signiﬁcantly
(P <0.001) decreased with soil water potential. The
relatively few data points where soil water content of the
irrigated pot was less than 0.45 g g
 1 prevented further
discrimination of this relationship (as in Fig. 2). Relation-
ships between the fraction of sap ﬂow through the dry part
of the root system (Fdry) and soil water content or
potential were compared statistically (Table 1) to de-
termine whether the sensitivity of sap ﬂow to drying soil
varied according to the method of sap ﬂow measurement.
When the soil water content of the wet part of the root
system exceeded 0.45 g g
 1, irrespective of whether Fdry
was plotted against soil water content (hdry) or soil water
potential (Wdry) of the dry part of the root system, the
slope of the relationship in vivo (Fig. 2) was equivalent to
that obtained from pressure-induced sap ﬂow measure-
ments (Fig. 4).
For the ‘two root-one shoot’ plants grown in two separate
pots, whole plant transpiration rate was more closely
correlated with leaf xylem ABA concentration ([X-ABA]leaf)
than either whole pot soil water content or leaf water
potential (Table 2). Consequently, the regulation of [X-
ABA]leaf was further considered. [X-ABA]leaf signiﬁcantly
increased as leaf water potential or whole pot soil water
content declined (data not shown). Irrigation treatment
signiﬁcantly affected the relationship between [X-ABA]leaf
and leaf water potential (Table 2), with the slope of this
increase greater in DI plants (data not shown).
Root xylem ABA concentration increased as Wsoil
decreased, with samples collected from the dry or wet part
of the root system of a PRD plant or from a DI plant giving
a similar relationship (Fig. 5a). Tomato (Dodd, 2007) and
sunﬂower had a similar [X-ABA]root when soil water
content was < –0.43 MPa or > –0.01 MPa, while at
intermediate values it was, on average, 3-fold higher in
t o m a t o .H o w e v e r ,[ X - A B A ] root was similarly sensitive to
Wsoil in both species (species3Wsoil interaction was not
signiﬁcant: P¼0.37) despite species differences in absolute
[X-ABA]root. The increase in [X-ABA]root with decreasing
Wsoil in ‘two root-one shoot’ sunﬂowers was similar
(data set3Wsoil interaction was not signiﬁcant: P¼0.53),
Fig. 3. Pressure-induced sap ﬂow above the graft union (A) and below the graft union through ‘left’ (L) and ‘right’ (R) hypocotyls of ‘two root-one
shoot’ plants under partial rootzone drying (b) and deﬁcit irrigation (a, c). Soil water contents of the left and right pots were 0.44 and 0.49 g g
 1 (a),
0.49 and 0.30 g g
 1 (b), and 0.29 and 0.27 g g
 1 (c), respectively.
Fig. 4. The relationship between soil water potential and the fraction of
total pressure-induced sap ﬂow from the dry part of the root system of
PRD plants (closed circles) and either part of the root system of DI
plants (open circles). Each point represents a single hypocotyl and
a regression line was ﬁtted where P <0.05. Fdry¼0.53 + 1.11Wdry
(r
2¼0.58).
ABA signalling with heterogeneous soil moisture 4087irrespective of whether plants were grown in two separate
pots, or two plastic bags in the one pot (Fig. 5b).
ABA concentration above the graft union was modelled
as in Dodd et al. (2008) thus:
½X-ABA above the graft union¼Fdry½X-ABA dryþFwet½X-ABA wet
ð1Þ
where Fdry, Fwet are the fractions of total sap ﬂow from
the dry and wet root systems (Figs 2, 4) and [X-ABA]dry,
[X-ABA]wet are the root xylem ABA concentrations from
the dry and wet root systems. Shoot xylem ABA
concentrations were measured above the graft union in
samples collected from leaves detached from plants grown
in two separate pots and compared against equation 1
(Fig. 6a). Although equation 1 and the mean root xylem
ABA concentration from both pots had a similar pre-
dictive ability of [X-ABA]leaf in DI plants (data not
shown), equation 1 better predicted [X-ABA]leaf of PRD
plants than the mean of [X-ABA]dry and [X-ABA]wet
Fig. 5. The relationship between root xylem ABA concentration and
soil water potential of ‘two root-one shoot’ plants grown in two separate
pots (a) and two separate pots (open circles) or two plastic bags in
a single pot (closed circles) (b). In (a), the wet (closed inverted
triangles) and dry (closed triangles) parts of the root system of PRD and
DI (open circles) plants are indicated, along with the relationship
previously determined (dotted line) for a similar experiment with
tomato (Fig. 5 of Dodd, 2007). Each point represents a single root
system and linear (dotted lines) or exponential (solid lines) were ﬁtted
in SigmaPlot for Windows 2.01. P values determined by two-way
ANOVA for irrigation treatment (DI versus wet versus dry) in (a) or
data set (two separate pots versus two plastic bags in a single pot) in
(b), soil water potential and their interaction are presented.
Fig. 6. The relationship between detached leaf xylem ABA concentra-
tion (a) or xylem ABA concentration above the graft union (b) and
mean root xylem ABA concentration (open circles) and a model where
[X-ABA]leaf (a) or [X-ABA]above the graft union (b)¼Fdry[X-ABA]dry+
Fwet[X-ABA]wet (closed circles) for ‘two root-one shoot’ PRD plants
grown in two separate pots (a) or two plastic bags in a single pot (b). In
both cases the 1:1 relationship is shown as a solid line.
4088 Dodd et al.(Table 3). However, both mean and modelled root xylem
ABA concentration overestimated [X-ABA]leaf (Fig. 6a).
To determine whether this overestimation was a possible
artefact of sap collection from detached leaves, xylem sap
was collected both from the stem 1–3 cm above the graft
union and below the graft union from plants grown in two
plastic bags in the one pot and placed in a specialized
‘split-top’ pressure chamber. Again, equation 1 better
predicted [X-ABA]above the graft union of PRD plants than
the mean of [X-ABA]dry and [X-ABA]wet (Table 3) and
almost perfectly explained [X-ABA]above the graft union for
concentrations less than 60 nM (Fig. 6b).
The consequences of equation 1 for [X-ABA]leaf of
PRD plants were simulated for a range of irrigated pot soil
water status, namely Wwet of –0.01 MPa, –0.045 MPa, and
–0.09 MPa, while varying the dry pot soil water status. At
any soil water potential, root xylem ABA concentration
was calculated from the exponential relationship ﬁtted
to the data from two appressed pots in Fig. 5
([X-ABA]root¼6.30930.0007
Wsoil; r
2¼0.55), while the
fraction of sap ﬂow from roots in dry soil was calculated
from the equation Fdry¼mWdry+c. When Wwet was –0.09
MPa (analogous to data set II; see Table 1), m and c
equalled 1.65 and 0.91, respectively. Maintaining param-
eter m constant, irrespective of Wwet (in line with the
statistical analysis of Table 1), resulted in parameter c
equalling 0.71 and 0.5 for Wwet of –0.045 MPa and –0.01
MPa, respectively (note that the latter case is realistic
since the fraction of sap ﬂow through either of two root
systems exposed to an equal, high Wsoil should equal 0.5).
Thus it was possible to calculate the fraction of sap ﬂow
from roots in drying soil as Wdry varied (Fig. 7a).
Irrespective of Wwet, simulated [X-ABA]leaf of PRD plants
increased to a maximum, then decreased as the fraction of
sap ﬂow from roots in drying soil decreased (Fig. 7b).
Thus Wdry to maximize [X-ABA]leaf of PRD plants varied
according to Wwet. When compared at the same whole pot
Wsoil, there were minimal (<5 nM) differences in
simulated [X-ABA]leaf between PRD and DI plants, until
the fraction of sap ﬂow through roots of PRD plants in
drying soil declined. As Wdry continued to decline, [X-
ABA]leaf of PRD plants decreased relative to DI plants at
the same whole pot Wsoil (Fig. 7c).
Discussion
As in previous studies with sunﬂower (Tardieu et al.,
1996; Dodd et al., 2008), plant water use was more
Table 3. The ability of different models to predict xylem ABA
concentration of PRD plants
Shoot xylem ABA concentration ([X-ABA]shoot) was measured in
detached leaves or from the stem 1–3 cm above the graft union. For
each plant, the difference between model and measurement is calculated
as [X-ABA]model minus [X-ABA]shoot. A positive value indicates that
the model overestimates [X-ABA]shoot, while a negative value indicates
that the model underestimates [X-ABA]shoot. Two different models are
indicated: ‘mean’ where [X-ABA]model¼mean of [X-ABA]wet and
[X-ABA]dry and ‘fractional’ where [X-ABA]model is calculated from
equation 1 (see text). Data are means 6SE of the number of values in
parentheses.
Model Plants in two pots
(Fig. 6a)
Plants in one pot (Fig. 6b)
Prediction of
[X-ABA]leaf
Prediction of
[X-ABA]above the graft union
Mean 32.569.0 (16) 16.3611.0 (10)
Fractional 19.866.7 (16) –9.865.5 (10)
Fig. 7. Simulated relationships between dry pot soil water potential and
the fraction of total sap ﬂow from the dry part of the root system of PRD
plants (a) and xylem ABA concentration above the graft union calculated
from equation 1 (b) when wet pot soil water potential was –0.01 MPa
(closed triangles), –0.045 MPa (closed circles) or –0.09 MPa (closed
inverted triangles), respectively. Simulated xylem ABA concentration is
also plotted against whole pot soil water potential for both PRD and DI
(open circles) plants (c).
ABA signalling with heterogeneous soil moisture 4089closely correlated with leaf xylem ABA concentration
than leaf water potential (Table 2). That this occurred in
an anisohydric plant like sunﬂower that does not tightly
control its leaf water status (Tardieu et al., 1996) provides
further impetus for understanding the factor(s) that
regulate [X-ABA]leaf in vivo. Since [X-ABA]leaf was more
closely related to soil water status than leaf water potential
(Tardieu et al., 1996; Dodd et al., 2008) (Table 2), root
xylem ABA concentration was measured in attempting to
explain variation in [X-ABA]leaf.
Although plants were grown in two slightly different
systems (two appressed pots versus two plastic bags in
a single pot) and xylem sap was collected slightly
differently in each (a constant overpressure exceeding root
balancing pressure versus a constant pressure), the re-
lationship between [X-ABA]root and Wsoil arising from the
two studies was similar (Fig. 5b). While [X-ABA]root
increases with decreasing sap ﬂow rate (Else et al., 1995;
Dodd et al., 2008), any differences in [X-ABA]root caused
by the sap collection technique were much smaller than
species differences (Fig. 5a). In another study, grapevine
cultivars with a higher [X-ABA]leaf better controlled their
leaf water status (Soar et al., 2006b), and it is possible that
the lower [X-ABA]root (Fig. 5a) (and [X-ABA]leaf)o f
sunﬂower (a known anisohydric species) compared to
tomato (which displays more isohydric behaviour in the
ﬁeld; Reid and Renquist, 1997) is of functional signiﬁ-
cance. Alternatively, species differences in stomatal
sensitivity to xylem ABA concentration may be responsi-
ble for anisohydric versus isohydric behaviour (Tardieu
and Simonneau, 1998).
It has been suggested that measurement of [X-ABA]leaf
may provide a marker for comparative water use physiol-
ogy of different scion–rootstock combinations in grape-
vine (Soar et al., 2006a). While the relationship between
[X-ABA]leaf and soil water status may be robust when soil
moisture is more uniformly distributed, as occurs in pots
(Dodd, 2007), ﬁeld-grown plants will often be exposed to
heterogeneous soil moisture and differences in rooting
patterns between different genotypes (or rootstocks) may
be responsible for differences in [X-ABA]leaf. For exam-
ple, a genotype with a relatively shallow root system
restricted to the upper soil proﬁle may be exposed to
a relatively uniform soil water status, while a deeper-
rooting genotype which deploys some roots in the moist
subsoil may source much of its transpirational ﬂux from
these roots. Such differences in rooting pattern probably
inﬂuence root-to-shoot ABA signalling.
Indeed, soil moisture heterogeneity (imposed by partial
rootzone drying here) limited the export of ABA from
roots to shoots, as sap ﬂow from roots in drying soil
decreased with soil drying (Dodd et al., 2008). The effect
of diminished sap ﬂow through drying roots of PRD
plants (Fig. 2) was evident in soil moisture heterogeneity
inﬂuencing the relationship between [X-ABA]leaf and
Wleaf such that DI plants had a higher [X-ABA]leaf at
a given Wleaf or Wsoil (Dodd, 2007; Dodd et al., 2008)
(Table 2). Accounting for this diminished sap ﬂow in
a simple model (equation 1) improved the prediction of
[X-ABA]leaf in PRD plants compared to predictions made
by models based on measurements of [X-ABA]root alone
(Fig. 6; Table 3; see also Dodd et al., 2008).
However, a related study found that [X-ABA]root of
PRD plants was better explained by a predicted mean [X-
ABA]root (of wet and dry parts of the root system) based
on a predetermined relationship between Wsoil and [X-
ABA]root in plants grown with homogenous soil moisture
(Liu et al., 2008), rather than accounting for the fractions
of sap ﬂow from different parts of the root system.
Measured [X-ABA]root of PRD plants higher than
expected (based on relative sap ﬂow from the different
parts of the root system) may occur if root pressurization
forces water through (drier) parts of the root than those
parts employed when water is drawn along water potential
gradients in vivo. This hypothesis was explicitly tested, by
comparing the effect of Wsoil on the fractions of in vivo
(Fig. 2) and pressure-induced (Fig. 4) sap ﬂow through
the dry part of the root system, and proved false, since the
slope of the relationship between the fraction of sap ﬂow
and Wsoil was statistically equivalent in both data sets
(Table 1).
Another possible explanation for the result that account-
ing for sap ﬂows did not improve the prediction of [X-
ABA]root in PRD plants (Liu et al., 2008), may lie in the
particular regression (between Wsoil and [X-ABA]root in
non-irrigated plants) used to predict [X-ABA]root of PRD
plants. Although Wsoil of the dry compartment of PRD
plants remained above –0.175 MPa (Fig. 2b of Liu et al.,
2008), the regression between Wsoil and [X-ABA]root
(Table 4, Regression A) was extended to a minimum
Wsoil of –0.5 MPa (Fig. 6 of Liu et al., 2008).
Accordingly, a new regression (Table 4, Regression B)
that included only data where Wsoil exceeded –0.175 MPa
was used to predict [X-ABA]dry and [X-ABA]wet.
Measured [X-ABA]root of PRD plants (Fig. 5 of Liu
et al., 2008; Table 4, column 2) was compared against
mean [X-ABA]root (Table 4, column 5), and [X-ABA]root
modelled according to equation 1 (Table 4, column 6),
using the fractions of sap ﬂow from wet and dry root
systems of PRD plants previously determined (Fig. 3b of
Liu et al., 2008).
Interestingly, prediction of [X-ABA]dry and [X-ABA]wet
with Regression B (using the same range of Wsoil as
experienced by PRD plants) altered the conclusion of that
study. Using Regression A, as in the original paper (Liu
et al., 2008), the mean of [X-ABA]dry and [X-ABA]wet
(which over the ﬁrst drying cycle of PRD overestimated
[X-ABA]root by 17 nM) better predicted [X-ABA]root
than equation 1 (which underestimated [X-ABA]root by
42 nM). However, using Regression B, equation 1 (which
4090 Dodd et al.overestimated [X-ABA]root by 20 nM) better predicted [X-
ABA]root than the mean of [X-ABA]dry and [X-ABA]wet
(which overestimated [X-ABA]root by 58 nM). Some
caution should be exercised in interpreting this re-
analysis, as mean xylem ABA concentrations, fractions of
sap ﬂow, and soil water potentials (re-elaborated from the
ﬁgures of Liu et al., 2008) rather than data for individual
plants, were used. However, in the absence of accurate
measurements of [X-ABA]dry and [X-ABA]wet which are
only possible in grafted plants, the speciﬁc regression
ﬁtted between Wsoil and [X-ABA]root is key in determin-
ing the success of equation 1 in forecasting xylem ABA
concentrations in the shoot.
However, the predictive ability of equation 1 was
inﬂuenced by the site (and/or methodology) at which
xylem sap samples were collected. That equation 1
consistently overestimated detached leaf xylem ABA
concentration of PRD plants (Fig. 6a) was not a deﬁciency
of the model, as the same overestimation was detected
when [X-ABA]leaf was plotted against the mean [X-
ABA]root of DI sunﬂower plants (Dodd et al., 2008).
Furthermore, this problem was not evident when [X-
ABA] was measured above and below the graft union in
samples collected by root pressurization (Fig. 6b),
suggesting that the graft union itself had little inﬂuence
on ABA signalling. Although xylem sap collection from
detached leaves using a Scholander-type pressure chamber
estimated [X-ABA]leaf in sunﬂower (Tardieu et al., 1996),
since samples can be collected in the ﬁeld (Dodd et al.,
1996), direct comparisons against leaf xylem samples
collected by root pressurization of intact plants (Schurr
et al., 1992) are lacking. Although this comparison was
envisaged in this study, failure of the pressure seals at
pressures insufﬁcient to collect xylem sap from a leaf in
the canopy prevented its realization. However, because
[X-ABA]root and [X-ABA]leaf were correlated in DI plants
(Dodd, 2007; Dodd et al., 2008), it suggested that
measurements of [X-ABA]root and sap ﬂow could usefully
predict [X-ABA]leaf of PRD plants.
While a previous study in a different substrate de-
veloped a single relationship between the fraction of sap
ﬂow through the dry part of the root system and soil water
content (Dodd et al., 2008), here two different relation-
ships were distinguished according to the soil water status
of the irrigated pot (Fig. 2). However, irrespective of
Wwet, the slope of the decrease in the fraction of sap ﬂow
from roots in drying soil was similarly sensitive to Wdry
(Table 1). This indicates that it is still possible to impose
PRD (and achieve differential sap ﬂow from wet and dry
root systems) even when Wwet falls below –0.01 MPa,
even though many experiments aim to keep part of the
root system above this threshold (Leib et al., 2006; Liu
et al., 2006). Maintaining some roots above this threshold
may explain the limited effect of PRD on stomatal
response in some experiments, due to diminished sap ﬂow
and signalling from the dry part of the root system (Yao
et al., 2001, Dodd et al., 2008). Instead, the effects of
PRD on [X-ABA]leaf (and stomatal responses) should be
evaluated at a range of (entire rootzone) soil water
availabilities by maintaining a Wsoil difference between
Table 4. Modelling root xylem ABA concentration of potato plants exposed to PRD
Actual xylem ABA concentration from the entire root system (Fig. 5 of Liu et al., 2008) and that predicted from the wet and dry (designated ‘north’
and ‘south’ in Liu et al., 2008) parts of the root system are compared with a mean (of both wet and dry) root xylem ABA concentration, and
a fractional model where [X-ABA]root¼Fdry[X-ABA]dry + Fwet[X-ABA]wet. The fraction of sap ﬂow from the dry part of the root system (Fdry) was
derived from Fig. 3b of Liu et al. (2008), and for days 2, 3, 4, and 5 was 0.39, 0.34, 0.25, and 0.11, respectively, while Fwet was 1–Fdry. Predicted
xylem ABA concentrations from wet and dry parts of the root system were calculated from regressions of xylem ABA concentration (from the entire
root system of non-irrigated plants) on soil water potential (as in Fig. 6 of Liu et al., 2008), and water potentials of wet and dry parts of root systems
were measured (Fig. 2b of Liu et al., 2008). On days 2, 3, 4, and 5, Wsoil of the dry part of the root system was –23, –58, –123, and –164 kPa,
respectively, and Wsoil of the wet part of the root system was –12, –10, –16, and –23 kPa, respectively. Two different regressions were ﬁtted:
Regression A where [X-ABA] ¼ 2.61Wsoil+115.2 (as in Fig. 6 of Liu et al., 2008) and Regression B (ﬁtted to all data in Fig. 6 of Liu et al., 2008
where Wsoil > –175 kPa –the minimum Wdry achieved by day 5 of PRD) where [X-ABA] ¼ 1.68Wsoil+206. For each day, the difference between
mean or model and measurement is calculated as [X-ABA]model minus [X-ABA]root. A positive value indicates an overestimation of [X-ABA]root,
while a negative value indicates an underestimation of [X-ABA]root. The mean difference (6SE) of the number of values in parentheses (analogous to
Table 3 above) is provided. Data are xylem ABA concentrations (nM).
Day Actual Wet Dry Mean Fractional Mean-Actual Fractional-Actual
Regression A
2 219 146 176 161 158  58  62
3 224 142 268 205 185  20  40
4 296 157 436 296 226 0  70
5 214 176 543 359 218 145 4
Mean difference 17617 (4)  4269 (4)
Regression B
2 219 226 245 235 233 16 14
3 224 223 304 264 251 39 26
4 296 233 412 322 277 27  19
5 214 245 481 363 272 149 58
Mean difference 5867 (4) 20613 (4)
ABA signalling with heterogeneous soil moisture 4091different parts of the root system. While equation 1 allows
[X-ABA]leaf to be simulated for a wide (theoretical) range
of soil water potentials (Dodd, 2008), irrigation frequen-
cies and volumes relative to transpirational losses will
determine whether a Wsoil difference between wet and dry
root systems is actually achieved. That soil moisture of
plants exposed to PRD in the ﬁeld is not always
heterogeneously distributed (Kirda et al., 2004; Du et al.,
2006) may partially explain why irrigation treatment
(PRD versus DI) does not always signiﬁcantly affect
shoot physiology.
Continuous soil moisture monitoring (Gu et al., 2004;
Leib et al., 2006) can help irrigation managers to impose
soil moisture differences between dry and wet root
systems during PRD, with the aim of inducing partial
stomatal closure. Stomatal responses will depend on
signal production by roots in contact with drying soil
(Zhang and Davies, 1989), signal transfer to the xylem
(Fig. 5), and signal transmission to the shoot depending
on the relative sap ﬂow from different parts of the root
system (Figs 2, 4). While [X-ABA]leaf cannot be moni-
tored with sufﬁcient temporal resolution to be used in
irrigation scheduling, its effects can be determined directly
by monitoring plant water use via porometry, infra-red
thermography or sap ﬂow (Jones, 2004), or indirectly by
quantifying soil moisture depletion (Liu et al., 2008).
Modelling [X-ABA]leaf based on differences in Wsoil
between different parts of the root system, and sap ﬂow
from those root systems has shown that Wdry should be
maintained within a certain range to maximize ABA
signalling (Dodd, 2008; Dodd et al., 2008; Liu et al.,
2008; Fig. 7b). However, the fact that this range varies
with Wwet (Fig. 7b) suggests that irrigation scheduling
during PRD, based on Wdry set points, may need to be
ﬂexible according to the Wsoil surrounding the irrigated
root system. In practice, in the absence of rainfall, Wdry
decreases continuously during a drying cycle (Gu et al.,
2004; Leib et al., 2006) and to avoid ABA concentration
decreasing as the soil becomes too dry (Fig. 7b), the wet
and dry parts of the rootzone are alternated. While
alternation itself transiently increases xylem ABA con-
centration (Dodd et al., 2006; Topcu et al., 2007; but see
Liu et al., 2008), the soil water status at which such
alternation events should occur has not been deﬁned
physiologically. Instead, soil is allowed to dry during
PRD for a pre-determined (usually arbitrary) period of
time (Gu et al., 2004; Leib et al., 2006) or until a certain
(usually arbitrary) soil water content is reached (Davies
et al., 2000; Antolin et al., 2006) before the dry part of the
root system is re-irrigated. Whether the ABA modelling
approach developed here can inform and complement
plant- or soil-based methods of scheduling irrigation of
PRD plants remains to be determined.
Despite much interest in, and widespread adoption of,
PRD as a management tool (reviewed in Costa et al.,
2007; Dodd, 2007; Kirda et al., 2007), concerns remain
that its physiological effects are difﬁcult to distinguish
from deﬁcit irrigation generally, when the same irrigation
volumes are applied. While the physiological bases for
differences between DI and PRD plants are only just
starting to be understood (Dodd et al., 2008), assessing
root-to-shoot signalling of plants exposed to different
degrees of soil moisture heterogeneity would seem
necessary to determine whether PRD enhances or dimin-
ishes (Fig. 7c) signalling according to total soil water
availability. Given the range of crops and substrates to
which PRD is applied, modelling ABA (and other plant
growth regulators) signalling may provide a parsimonious
framework of analysis to complement existing multi-
factorial ﬁeld trials.
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